A quantitative evaluation of the performances of the deformable image registration (DIR) algorithm implemented in MIM-Maestro was performed using multiple similarity indices. Two phantoms, capable of mimicking different anatomical bending and tumor shrinking were built and computed tomography (CT) studies were acquired after applying different deformations. Three different contrast levels between internal structures were artificially created modifying the original CT values of one dataset.
between reference and target image sets. Registrations between images with low contrast (40 HU) obtain scores lower than those between images with high contrast (970 HU). The use of Reg Refine tool leads generally to an improvement of similarity parameters values, but the advantage is generally less evident for images with low contrast or when structures with large volume differences are involved. The dependence of DIR algorithm on image deformation extent and different contrast levels is well characterized through the combined use of multiple similarity indices. treatments. Radiotherapy plans may in fact need to be modified during the treatment course in order to be adapted to patient anatomical changes. Furthermore, there is an increasing number of retreatments that require effective instruments enabling reliable dose accumulation
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and contour propagation. The growing number of DIR implementations demands dependable methods to understand algorithms strengths and weaknesses. At the same time, as also suggested in the AAPM TG132 1 recommendations, it is important to stress on all the possible implications behind DIR use in clinical routine. In the medical physics community there is a broad agreement on the necessity of an in-deep assessment of DIR performances. Different approaches have been followed to perform such validation, involving the use of deformable phantoms, digital phantoms, and clinical patient data.
Physical phantoms, mimicking realistic anatomy and containing internal deformable heterogeneities, have been manufactured and proposed for the validation of several algorithms in thorax, pelvis, and head and neck districts. [2] [3] [4] [5] [6] [7] This approach is convenient but presents some limitations due to phantom unavailability for all the tasks to be tested and from the lack of a ground truth transformation. On the contrary, synthetic or digital phantoms, created by applying displacement vector fields to deform patient images, offer the possibility to perform a quantitative comparison between the ground truth and the algorithm-created displacement vector fields. 
2.C | Accuracy tests
A good DIR should be able to create registered images where points and structures have positions, shapes, and dimensions as similar as possible to the corresponding ones in reference images. In this work, these aspects were evaluated measuring the distances between corresponding marker positions and comparing shape and dimension of corresponding structures automatically segmented using the following similarity indices:
• the distance between centroids of corresponding markers (RM);
• the dice similarity coefficient (DSC) between corresponding contours (sensitive to translations and volume changes);
• the Hausdorff Distance (HD) between corresponding contours (sensitive to structures shape modifications).
When Phantom 1 was used, the distance between the centroid of corresponding spheres (R) and the absolute value of maximum diameter difference of corresponding spheres (DD) were also evaluated for each sphere.
Sensitivities of the methods used to evaluate the similarity indices were estimated by registering an image set with itself and evaluating RM, HD, DD, R, and DSC indices for each internal structure. For each index and phantom, the associated sensitivity was estimated as the maximum value obtained. For the DSC, the maximum difference from one was considered.
2.C.1 | Variable bending test
The DIR performances with respect to different degrees of bending were studied using Phantom 1 and acquiring CT studies with a Bril- obtaining R1, R2, and R3 registrations and corresponding registered datasets. In all cases the initial rigid registration was performed aligning spheres 1 and 3 as shown in Fig. 1(b) . The three glass spheres were automatically segmented in CT(0°), R1, R2, and R3 using the same threshold (50% of max) and each marker centroid was localized in reference and deformed studies. HD, DSC, DD, R, and RM were finally measured.
2.C.2 | Variable contrast test
In order to assess whether DIR performances are influenced by different degrees of image contrast, the CT values of CT(0°), CT(8°), CT (16°), and CT(25°) were modified by using the in-house written Matlab routine. Three contrast levels between the modeling clay and the spheres were created in each dataset while keeping unchanged the background value:
1. 30 and 1000 HU (30_1000) simulating muscle and bone;
2. −100 and 40 HU (−100_40) simulating fat and muscle;
3. 10 and 50 HU (10_50) simulating two different soft tissues.
For each created contrast level, three registrations were performed, and the same analysis previously described was performed on glass spheres and markers. Rando phantom without adding the external structure was acquired (Fig. 2) . CT(fill2) was registered on CT(fill1) and on CT(fill0) resulting in reg1 and reg2 registrations and corresponding registered studies.
Volume differences (VD) between CT(fill2) and CT(fill1) and CT (fill2) and CT(fill0) were 25 and 50 ml, respectively. Each pair of studies was initially fused by optimizing the matching of bony structures.
The phantom external contour and the mandible were segmented for 31 slices (6.2 cm) around the changing volume in references and registered studies and used to evaluate HD and DSC. RM between eight internal markers was also measured.
2.C.4 | Reg refine tests
All registrations were repeated using the Reg Refine tool. For Phan- Table 1 . For DSCs, differences from 1 are reported. These values were compared with the differences between indices coming from different registrations to assess whether they were negligible or not case by case.
3.B | Variable bending and variable contrast
The DSC values for the three spheres of Phantom 1 calculated between CT(0°), R1, R2, and R3 are reported in Table 2 
3.C | Shrinking volume
In 
3.D | Reg refine test
In Fig. 3(b) , the polygonal areas reduce when registrations are refined using the Reg Refine tool. Also, in the case of different contrast levels, the areas reduce if the Reg Refine tool is used [ Fig. 3(d) ] even though mean DD and HD are around 1 mm and higher than 1.5 mm, respectively. For all contrast levels, distances between correspondent points in reference, R2, and R3 exceed 2 mm for some markers; in all cases using the Reg Refine tool the number of these points is reduced or zeroed.
Concerning tests on Phantom 2, the use of Reg Refine gives worse results for mandible contours in reg2 as shown by DSC and HD values in Table 3 . Using Reg Refine, mean RM remains unchanged for reg1, while it increases considerably for reg2 (Table 4) , in this last case, for three markers, RM exceeds 2 mm abundantly.
Considering all tests together, the differences between similarity indices obtained with and without the use of Reg Refine resulted statistically significant: P-values from Wilcoxon's tests for DSCs, HDs and RMs resulted respectively 0.01, 0.003 and 0.002.
| DISCUSSION
In this work, several aspects of the MIM DIR process were separately investigated considering some typical deformations that might appear in CT studies during head and neck radiotherapy treatments.
We investigated how the accuracy of the registrations depends on Table 2 . Moreover, HD and DD present a variability higher than that observed for corresponding markers (RM) and corresponding spheres (R) demonstrating that, in general, objects' position is better reproduced than objects' shape in registered images. It is worth noting that R is almost constant in all tests (variations lower than 0.5 mm)
and lower than that of RM. In the first case, in fact, the intensitybased registration algorithm is facilitated by the high contrast existing between spheres and clay. More generally, registration algorithm performances worsen when decreasing the image contrast, as demonstrated by DSC values in Table 2 and by large spider graphs area for low-contrast images described in Fig. 3(c) . Large bending and small contrast give the worst results. This is true not only for HD and DD but also for R, which results much higher than that obtained in high-contrast images. The low contrast between spheres and clay lowers the registration algorithm capability to properly correct deformed objects.
By analyzing the results of the shrinking volume tests, it is possible to see that the registration quality also depends on the differences in phantom volume in the two image sets. In particular, the shape of the external contour is less accurately reproduced when larger volume differences are considered, as demonstrated by higher HD value for reg2 than reg1, visible in Table 3 . On the contrary, DSC is quite insensitive to volume difference, probably due to the small relative volume changes of the external contour (maximum 50 over 700 ml).
Finally, the Reg Refine tool leads generally to an improvement of registration quality. Analyzing case by case, we noticed that it happened in most cases, also in situations where the algorithm performances are originally poor. This is demonstrated by increased DSC values for sphere 2 when the Reg Refine tool was used (see Table 2 ). The advantage of Reg Refine is instead less relevant for images with low contrast especially in reproducing correctly structure's shape [see DD and HD of Fig. 3(d) ] and for images with large volume differences (see Table 3 ). In this latter case, the use of blocked boxes that force the overlap of external contour, guarantees a better registration in this area but induces bony structure deformation (see Fig. 4 ). Moreover, the high value of mean markers' distance (Table 4) indicates unrealistic deformations of homogeneous volumes where markers are embedded. In summary, the advantages of Reg
Refine are relevant but only in localized areas around blocked boxes;
far from these regions, benefits are lost.
Our results are in line with published data. It is widely accepted that in some cases DIR creates nonrealistic images 2,7 as we found for the transformation of the spheres in Phantom 1 for the 25°bending.
Three studies concluded that the deformation quality is influenced by image noise 7, 8, 11 leading to poorer performances when the registration involves images with low contrast. 2,7,11 Howevern Pukala et al. 13 found that registrations performed using the MIM algorithm in the head and neck area correspond to lower mean errors than four other commercial DIR algorithms. In the paper by Singhrao et al., 2 MIM DIR performances are investigated by using a head and neck deformable phantom and images from kV and MV tomographic imaging scanners, but the registration's accuracy is evaluated only using the distances between nonradiopaque markers in reference and deformed image sets. In one paper 11 , authors evaluated the contribution of the Reg Refine using lung images of real patients and digital head and neck phantoms with associated deformable vector fields. This thorough study demonstrated that the Reg Refine controlled by an expert user, lead to noticeable improvements both in the lung and in the head and neck areas. In another paper 8 , authors reported that the quality of the transformation depends on the image intensity but not on the deformation size, in contrast with our results. However, authors concluded that the results were better for localized deformations. Also in the works of Olteanu et al. 17 and Broggi et al. 18 , it is demonstrated that DIR performance worsens when the volume difference of involved structure increases.
Published data and our work demonstrate that the performances of the algorithm depend on several factors and the quality of the registration can be different for different cases or anatomical areas.
Particular attention should be paid to cases where the contrast among tissues is low and where large volume differences are present in localized regions.
With our study we have provided a method to measure MIM DIR performances in different challenging situations through the contemporary use of multiple parameters. 
| CONCLUSION S
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